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ABSTRACT
We present archival ALMA observations of the HD 141569 circumstellar disk at 345,
230, and 100 GHz. These data detect extended millimeter emission that is exterior
to the inner disk. We find through simultaneous visibility modeling of all three data
sets that the system’s morphology is described well by a two-component disk model.
The inner disk ranges from approximately 16 to 45 au with a spectral index of 1.81
(q = 2.95) and the outer disk ranges from 95 to 300 au with a spectral index of 2.28
(q = 3.21). Azimuthally averaged radial emission profiles derived from the continuum
images at each frequency show potential emission that is consistent with the visibility
modeling. The analysis presented here shows that at ∼ 5 Myr HD 141569’s grain size
distribution is steeper, and therefore more evolved, in the outer disk than in the inner
disk.
Keywords: stars: HD 141569, stars: circumstellar matter
1. INTRODUCTION
HD 141569 is a widely studied system that hosts an intricate circumstellar disk of gas and dust
centered around a Herbig Ae/Be star. As seen in scattered light images, the dust exhibits large spiral
features extending from ∼ 100−400 au (Van Den Ancker et al. 1998; Weinberger et al. 2000; Clampin
et al. 2003). In addition, there is a separate disk interior to the spiral structure. The inner disk was
observed in scattered light with Keck/NIRC2 (Currie et al. 2016), which found a disk radius of ∼ 39
au, and 870 µm continuum with ALMA (White et al. 2016), which found a radius of ∼ 55 au. SED
modeling further predicts a central clearing in the inner disk around 15 au (Maaskant et al. 2015),
although this has yet to be directly observed at any wavelength.
A small amount of gas was detected between 10 and 50 au through IR observations (Brittain &
Rettig 2002; Goto et al. 2006), and ALMA imaged significant CO(3-2) extending from ∼ 25 au to
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over 200 au, with a potential East-West asymmetry (White et al. 2016). The total gas mass has
been inferred to be between 2 - 200 M⊕, based on CO observations (Zuckerman et al. 1995; Thi et
al. 2014; Flaherty et al. 2016; White et al. 2016). These estimates are largely dependent on modeling
assumptions and adopt an interstellar CO/H2 abundance of ∼ 10−4 (which may not be an appropriate
ratio for this disk).
The current evolutionary stage of HD141569’s disk is unclear. Clampin et al. (2003) describe the
spiral features seen with HST in the outer disk as a debris disk, but the extent and radial profile
is consistent with a protoplanetary disk (Flaherty et al. 2016). Scattered light observations (e.g.,
Brittain & Rettig 2002; Currie et al. 2016) claim that the inner disk is consistent with a residual
protoplanetary disk, but ALMA observations (White et al. 2016) of the ∼ 1 mm grains and CO
find that the gas and dust abundances could be consistent with collisional production. The systems
high CO flux density relative to its continuum may suggest that the disk has significant primordial
gas (Pe´ricaud et al. 2017). However, the short photodissociation timescale for the CO gas suggests
that the gas has a non-negligible second-generation component (White et al. 2016). As of yet, no
planets have been detected in the system, but they could contribute to the observed morphology
in the outer disk (Augereau & Papaloizou 2004). Disk-disk interactions, such as the photoelectric
instability (Richert et al. 2018), can also give rise to spiral structure in opticially thin gas disks
such as HD 141569. If the disk is in a debris-like state, then dynamical interactions should also
produce mm grains in both the inner and outer disks. The grain size distribution, q, as traced by the
spectral index, is expected to be steeper for a debris disk than for a protoplanetary or transitional
disk (Wyatt & Dent 2002; MacGregor et al. 2016), although some overlap is possible. VLA 33 GHz
observations sought to constrain the dynamical state of HD 141569’s disk, but were potentially biased
by unconstrained stellar emission (MacGregor et al. 2016; White et al. 2017b).
In this paper, we present evidence for the presence of mm grains exterior to the inner disk in the
HD 141569 system. In Section 2, we describe the data and observations. The model fitting and their
implications are discussed in Sections 3 and 4, respectively. The results are summarized in section 5.
2. OBSERVATIONAL DATA
Our analysis uses three archival ALMA data sets and a PSF subtracted HST scattered light image
from Konishi et al. (2016). The ALMA observations are at 345 GHz (ID 2012.1.00698.S), 230 GHz
(ID 2015.1.01600.S), and 100 GHz (ID 2013.1.00883). The 345 and 100 GHz data were published
previously by White et al. (2016) and White et al. (2017b), respectively. The 230 GHz ALMA data
were retrieved from the ALMA archive.
The ALMA 230 GHz observations were taken on 2016 May 16th. The total integration time was 20.5
minutes, with about 2.25 minutes on source. Four different spectral windows (SPW) were used. One
SPW had a bandpass of 468.75 MHz centered at 219.565 GHz, one SPW had a bandpass of 117.18
MHz centered at 220.40 GHz, and two SPWs had 2000 MHz bandpasses centered at rest frequencies of
231.02 and 233.02 GHz. The data were reduced using the Common Astronomy Software Applications
(CASA 4.5.3) pipeline (McMullin et al. 2007), which included WVR calibration; system temperature
corrections; bandpass and phase calibration with quasars J1517-2422 and J1549+0237, respectively;
and flux calibration with Titan.
The 230 GHz observations achieve a sensitivity of 130 µJy beam−1. The size of the resulting
synthesized beam is 1.03 × 0.99 arcsec2 at a position angle of 70.8◦, corresponding to ∼ 112 au at
the system distance of 111 pc.
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3. VISIBILITY FITTING
Visual inspection of the continuum images of HD 141569 at 345 and 100 GHz did not show any
obvious structure outside of the inner disk (White et al. 2016, 2017b). However, continuum obser-
vations at ∼ 350 GHz have found a range of flux densities for the system including 3.8 ± 0.5 mJy
with ALMA (White et al. 2016), 8.2± 2.4 mJy with SMA (Flaherty et al. 2016), and 12.6± 4.6 mJy
with APEX Nillson et al. (2010). These observations all have significantly different beam sizes (42,
156, and 2000 au, respectively), and the diffuse flux may not have been fully recovered in previous
analyses.
ALMA should in principle be sensitive to mm emission beyond the inner disk, if present. Such
emission however may not be apparent in the images, requiring analysis of the visibilities. While
previous visibility modeling used a single component model with a uniformly illuminated disk (White
et al. 2016, 2017b), our analysis here fits single and two-component power law models to all three
ALMA visibility data sets simultaneously.
The visibility data for each frequency is annularly averaged in 10-kλ bins (see Fig. 1). The uncer-
tainties represent the standard deviation of each bin. The 230 GHz data have the largest uncertainties
due to the relatively short on-source integration time. We adopt a Metropolis-Hastings MCMC mod-
eling approach to explore parameter space using the framework laid out in White et al. (2017a).
For a given set of parameters, we calculate the visibilities and project them to the disk geometry
(PA = 356.6◦ and inc = 53.4◦, White et al. 2016). Each model is compared to the data and a χ2 is
calculated for each frequency. The three are averaged together with equal weighting to get a represen-
tative χ2. We note that since each ALMA data set has a different beam size and sensitivity, an equal
weighting of each frequency may not directly reflect the contribution from each set of visibilities.
3.1. Single-Component Model
The single-component model assumes that the system is best characterized by a single disk. Previ-
ous modeling of the disk at 345 and 100 GHz used the uvmodelfit task in CASA to fit a uniform surface
brightness disk to the visibilities. If the disk has a varying surface brightness, does not extend all
the way to the star, or has multiple components, then this previous simple model could underpredict
the total flux. We confirm that our MCMC modeling approach, when adopting a uniform surface
brightness disk model, recovers results that are consistent with those of uvmodelfit.
The single-component model used here adopts a surface brightness profile ∝ r−1 and assumes the
disk has an inner and outer edge. The 345 GHz flux, spectral index, disk center, and disk width are
free parameters. By fitting the spectral index, the flux at 230 and 100 GHz can be obtained without
fitting them directly (and assuming the flux is well defined by a single power law in frequency),
reducing the number of free parameters in the modeling process. A uniform prior distribution is
chosen for the flux to range from .01 to 50 mJy, the disk from 0.1 to 300 au, and the spectral index
from 0 to 4. While the uniform priors span orders of magnitude, and are therefore biased against small
parameter values, the flux is expected to be greater than 1 mJy and the inner disk edge is expected
to be greater than 1 au (from SED modeling). Therefore, using very low values for the lower bounds
of the flux and the disk are not expected to affect the results. To check this, we ran MCMC modeling
for the single component using Jeffreys priors, which resulted in negligible differences. The best fit
model is given by the cyan curves in Fig. 1 and the posteriors are shown in Fig. 2. A summary of the
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Figure 1. Visibility plots of the three ALMA data sets. The real component is shown as a function of
projected baseline. The cyan curves are the best fit single-component models for each frequency and the
magenta curves are the best fit two-component models for each frequency. The visibility data were annularly
averaged with 10-kλ bins and the uncertainties shown are the standard deviation of each bin.
most probable model parameters, 95% Credible Region, and reduced χ2 at each frequency are given
in Table 1.
The resulting best fit disk extends from about 3 to 53 au with a spectral index of 1.87. The outer
edge of the disk is consistent with previous ALMA models of the inner disk and the spectral index is
consistent within the uncertainties of the value reported in White et al. (2017b). The inner edge of
the disk (which is not resolved in the images) is inconsistent with the SED predicted central clearing.
The best fit 345 GHz flux is 4.5 mJy and the spectral index gives fluxes of 2.1 and 0.45 mJy at 230
and 100 GHz, respectively.
3.2. Two-Component Model
The two-component model assumes that the system can be characterized by two separate disks.
The model again assumes a surface brightness profile ∝ r−1. The model sets the 345 GHz flux, inner
disk spectral index, inner disk center, inner disk width, outer disk center, outer disk width, and outer
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Figure 2. MCMC posterior distributions for the single-component model. The dashed lines indicate the
most probable values and the 95% Credible Region. The apparent correlation between the disk center and
width is due to the model fitting strongly preferring a disk inner edge near ∼ 5 au.
disk spectral index as free parameters. The flux and spectral index priors are the same as for the
single-component model. The inner disk prior range is from 0.1 to 100 and the outer disk prior range
is from 50 to 500 au, and models are not accepted if the two disks overlap. The best fit model is
given by the magenta curve in Fig. 1 and the posteriors are shown in Fig. 3. A summary of the most
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Figure 3. MCMC posterior distributions for the two-component model. The dashed lines indicate the most
probable values and the 95% Credible Region.
probable model parameters, 95% Credible Region, and reduced χ2 at each frequency are given in
Table 1.
The resulting inner disk extends from 16 to 45 au with a spectral index of 1.81. The disk morphology
is consistent with both SED models, some scattered light observations (Currie et al. 2016), and ALMA
observations (White et al. 2016). The spectral index is also consistent with the single-component
model and previous estimates (White et al. 2017b). The outer disk extends from 95 to 300 au with a
spectral index of 2.28+0.43−0.29. This component was not detected in previous analyses of ALMA or VLA
data (MacGregor et al. 2016; White et al. 2017b), but is consistent with the location of the spiral
features seen in multiple scattered light observations. The spectral index of the outer disk is notably
steeper than that of the inner disk. For the inner disk, the best fit 345 GHz flux is 5.8 mJy and the
spectral index gives fluxes of 2.8 and 0.62 mJy at 230 and 100 GHz, respectively. For the outer disk,
the best fit 345 GHz flux is 11 mJy and the spectral index gives fluxes of 4.2 and 0.63 mJy at 230
and 100 GHz, respectively (the uncertainties as characterized by a 95% Credible Region are given in
Table 1).
4. DISCUSSION
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Table 1. Summary of best fit parameters for the single-component and two-component models. The most
probable value for each parameter along with the 95% credible region from the posterior distribution are
given. The reduced χ2 for each model at each frequency is given, along with the average for each model
(assuming equal weighting).
Single-Component Model Two-Component Model
Parameter Most Probable 95% Credible Range Most Probable 95% Credible Range
345 GHz Din Flux [mJy] 4.5 [3.8, 5.3] 5.8 [4.8, 6.8]
345 GHz Dout Flux [mJy] - - 11 [8.4, 13]
Din Center [au] 28 [24, 34] 31 [25, 38]
Din Width [au] 50 [39, 65] 30 [3.7, 65]
Dout Center [au] - - 195 [170, 230]
Dout Width [au] - - 200 [140, 250]
αin 1.87 [1.75, 1.99] 1.81 [1.66, 1.96]
αout - - 2.28 [1.99, 2.71]
345 GHz χ2red 2.78 1.34
230 GHz χ2red 0.77 0.80
100 GHz χ2red 1.60 1.10
Average χ2red 1.72 1.08
These observations provide the first morphological constraints on mm-sized material outside the
inner disk in HD 141569. When comparing the reduced χ2 values for each of the models, the two-
component model is preferred (1.74 versus 1.08 averaged reduced χ2). The low reduced χ2 values for
both of the 230 GHz models are due to the very large uncertainties on the data points (which are
in turn due to the short on source integration time). While the 230 GHz data alone do not strongly
prefer one model over the other, all the frequency data together show that a two-component model
is at least slightly preferred.
The inner disk morphology in the two-component model is consistent with SED, scattered light,
and ALMA inferred disk properties. The most probable 345 and 100 GHz fluxes of the inner disk
are larger than previously reported at these frequencies (White et al. 2017b). Prior analyses only fit
a single disk to the visibilities with a uniform brightness profile and no central clearing. However,
when looking at the visibilities in Fig. 1, it is clear that a single-component model can under predict
the flux. The spectral index fit to the inner disk is still consistent with the previous estimates.
The outer disk morphology is broadly consistent with the location of the spiral features seen in
scattered light observations. Figure 4 shows azimuthally averaged radial profiles for each ALMA data
set image and the HST scattered light images from Konishi et al. (2016) (note that for the scattered
light image, the region of the inner disk is unreliable in this plot due to the PSF subtraction creating
many image artifacts). These curves were generated by summing up the total flux in elliptical
apertures with the inclination and position angle previously constrained in the disk (White et al.
2016). The data are then normalized and plotted together in Fig. 4. The image plane alone does not
show a convincing detection of the outer disk material at the location of the spiral arms. Nonetheless,
8 White & Boley
0 100 200 300 400 500
Projected Radial distance [au]
0.0
0.2
0.4
0.6
0.8
1.0
No
rm
al
iz
ed
 F
lu
x
Outer Disk
Inner Disk
345 GHz
230 GHz
100 GHz
Scattered Light
Figure 4. Azimuthally averaged radial profiles of HD 141569. The curves were created by summing the
total flux in elliptical apertures of inclination 53.4◦ and PA 357◦ (White et al. 2016). The red, green, and
blue curves are from the ALMA data. They were created from the dirty images at each frequency. The black
dashed curve is from the HST scattered light images from Konishi et al. (2016). The inner disk portion was
masked due to artifacts as a byproduct of the PSF subtraction. The most probable locations of the inner
and outer disks are marked by the gray shaded areas.
the slight peak in flux is broadly consistent with the 95 - 300 au outer disk location detected in the
visibility data.
The evidence for the detection of mm emission in the outer disk is clear when you consider that
1) the reduced χ2 is lower for the two-component model; 2) the morphology of the inner disk is
only consistent with the shorter wavelength data in the two-component model; and 3) azimuthally
averaged radial profiles of the mm data show very tentative evidence of an outer debris disk at a
location consistent with both the scattered light observations and the visibility model fitting.
The best fit spectral indicies of 1.81± 0.15 and 2.28+0.43−0.29 for the inner and outer disks, respectively,
overlap with expected ranges for both protoplanetary and debris disks. As a protoplanetary disk will
likely be optically thick, the spectral index in the Rayleigh Jeans limit will be α ∼ 2. In practice,
values of α range from α = 2.0 ± 0.5 (Andrews & Williams 2005) to 1.5-3.2 Ricci et al. (2011), but
are typically less than 3 (Natta et al. 2007). The spectral indicies observed in debris disks range from
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∼ 2− 3 (e.g., MacGregor et al. 2016). In order to determine whether or not HD 141569 is consistent
with a debris origin, properties of the disk other than the spectral index must be considered. It is
possible that the grains in HD 141569 represent a mixture of evolutionary stages with elements of
both debris and protoplanetary disks.
To approximate the grain size distribution from the spectral index, we adopt the methods of
D’Alessio et al. (2001), Ricci et al. (2012), MacGregor et al. (2016), and White et al. (2017a), in
which the slope of the size distribution is given by
q =
αmm − αpl
βs
+ 3, (1)
where βs = 1.8± 0.2 is a power law index for the dust opacity (Draine 2006) and αpl is a power law
index for the Planck function that depends on the temperature of the dust and the wavelengths of
interest (e.g, Holland et al. 2003). Specifically,
αpl =
∣∣∣∣∣∣
log
(
Bν1
Bν2
)
log
(
ν1
ν2
)
∣∣∣∣∣∣ , (2)
where Bν is the Planck Function and ν is the frequency.
The inner disk spectral index of 1.81±0.15 corresponds to a grain size distribution of q = 2.95±0.10
(with uncertainties propagated from the 95% credible region on the spectral index). The outer disk
has a spectral index of 2.28+0.43−0.29 and a corresponding grain size distribution of q = 3.21
+0.30
−0.16. The
outer disk has a steeper grain size distribution than the inner disk and is at least marginally consistent
with some models of debris production (e.g., Pan & Sari 2005). As a reference, a Dohnanyi (1969)
collisional cascade will have q ≈ 3.5.
The presence of a non-negligible amount of gas in the disk, along with the detection of mm grains
at large radii, indicates that HD 141569’s disk material could be at least partially replenished by a
dynamically evolving system of asteroids and comets (Matthews et al. 2014). This is also thought
to be the case for other gas-rich debris disks around A stars (e.g., β Pic, Dent et al. 2014). A strict
debris interpretation of HD 141569’s disk would suggest that, at an age of ∼ 5 Myr, significant grain
growth has occurred, producing a large system of planetesimals that are collisionally evolving and
repopulating the small grains in the disk. If this view is correct, then systems like HD 141569 and HD
36546 (estimated age range of 3− 10 Myr, Currie et al. 2017) show that significant debris generation
occurs early in the lifetime of planet-forming disks.
A simple mass estimate for the debris in each component can be calculated by assuming the emission
is optically thin, is dominated by density ρ = 1.0 g cm−3 grains, only a single grain size contribute
to the emission, the grains are perfect radiators (i.e. albedo ∼ 0), and the disk is populated from the
inner to outer edge of each disk. The adopted stellar parameters are T∗ = 10500 K, L∗ = 24.2 L,
and d = 111 pc. The total mass of grains of size s is given by Ms =
4
3
pis3ρNs, with Ns being the total
number of grains of a given size. The number of grains within an annulus at distance r is
dNs
dr
=
dFs/dr
Bν(TG)Ωs
(3)
where Ωs is the solid angle of a single grain, Bν is the black body intensity of a grain at temperature
TG = T∗
√
R∗
2r
. The disk flux at a single frequency is
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Fs =
∫ Rout
Rin
2piσ0
r0
r
rdr
d2
(4)
where r0 is a characteristic radius for the surface brightness profile (equal to the inner disk edge in
this case), σ0 is the surface density profile, and Rin and Rout are the inner and outer edges of the
disk. Integrating Eqn. 3 and solving for the total mass gives
Ms =
4
√
2
9
sc2d2ρFs
ν2kBT∗
√
R∗
R
3/2
out −R3/2in
Rout −Rin . (5)
For the inner disk, the mass estimates are 0.034, 0.053, and 0.14 M⊕ at 345, 230, and 100 GHz,
respectively. For the outer disk the mass estimates are 0.17, 0.22, and 0.37 M⊕. This relation
assumes that only a single grain size contributes to a given flux density. The grain radius is set equal
to the wavelength of the observations. In practice, multiple grain sizes contribute to emission at a
given frequency.
A more comprehensive mass estimate can be made by assuming a full grain size distribution with q
for each disk and that the grains only radiate efficiently if their circumference is equal to or larger than
the absorbed/emitted photons (see, Wyatt & Dent 2002; Draine 2006). For this mass calculation, we
adopt the methods laid out in White et al. (2016, 2017b) and assume the disk is populated only by
grains that have been observed (i.e. ∼ 10 µm to ∼ 3 mm). Integrating from the inner to outer edge
of each disk gives roughly 0.041 M⊕ of small solids in the inner disk and 0.18 M⊕ of small solids in
the outer disk. For a strict debris interpretation, the disk should be populated by much larger solids
up to the size of asteroids/comets (the limiting size depends on the collision timescales). In reality,
the grain size distribution may not follow a single power all the way to these sizes. Extending the
current values of q will give unphysically large values for the total mass of the disk (for example we
find a MTotal(D < 50 km) of 75,000 M⊕ and 25,000 M⊕ for the inner and outer disks, respectively).
5. SUMMARY
We presented a multi-wavelength analysis of archival ALMA data that shows evidence of mm
structure in HD 141569’s outer disk. The inner disk is constrained to be within 16 to 45 au and has a
spectral index of 1.81. The outer disk is constrained to be within 95 to 300 and has a spectral index
of 2.28. The location of the two disk components is consistent with scattered light images. The total
disk mass in 10 µm - 3 mm sized solids is estimated to be 0.041 M⊕ for the inner disk and 0.18 M⊕
for the outer disk. The new constraints on grain properties suggest that HD 141569’s outer disk has
a steeper grain size distribution than the inner disk.
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